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Abstract
ao \04

This is a repoert on the literature
study phase of a contract to establish
methods of minimiszing elsctrical inter--
ference from switching inductive circuits.

The bibliography lists the articles re-
viewed. The report contains a summary of

the pert’aent material found.
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CHAPTER I
INTRODUCTION

The presence of arcing and high voltage transients at
the contacts of switches which energize inductive devices is
well known. In certain cases these transients interfere with
the normal operation of the circuit or neighboring circuits
through conduction or radiation. For this reason a great
deal of effort has gone into the design and development of
special arc-suppressing networks.,

Several of the more common types of suppression circuits
described in the literature utilize resistors, capacitors,
diodes, and varistors placed either across the contacts of
the switch or in parallel with the inductive load.

The study presently unde.way concerns the investlgation
and evaiuation of transient suppression techniques. This
report describes the results of work on the literature search
portion (Phase I) of the contract. It consists primarily of
a suumary of the important material found in the literature

and a bibliography of these and other references.

B e e e
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CHAPTER II

EQUIVALENT CIRCUITS FOR
INDUCTIVELY LOADED SWITCHES
This chapter contains a description of ‘he transient
waveform beginning with tha ideal model of an inductiveiy
loaded switch and proceeding tu more realistic models. This
approach is used in order to clarify the understandin;: of the
problem involved in the practical application of arc-suppression

techniques discussed in Chapter III,

2.1 JXdeal Inductor - Ideal Switch

According to basic circuit theory the voltage across an
ideal inductor is equal to some ¢ nutant (the inductance) times
the time rate of change {(the time derivative) of the current.
This may be expressed in equation form by (see Ref. 1, for i.
stunce)

di

. = —
Vo= LG

whers V voltage acro:= thé iaductor

L

L = inductance

1 = instantaneous current throughout tie induoctor
é% = derivative with respect to time.

Thus, when the “current through an inductor is instantaneously

.12-
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interrupted, theory predicts that the potential across the

inductor must go to infinity.

2,2 Ideal Inductor -~ Realistic Switch

Physically the potential will never approach infinity
since at some point in the c¢circuit the high potintial will
cause a breakdown or arc serving as a current patnh allowing
the current to decay at a finite rate and thus limit the
poten..al buildup. In almost all cases this brealdown will
occur at the contact points since it is here that a very small
separation of surfaces and low dlielectric strength yields the
highest electric fields,

The energy which sustains zrcing at the contacts is that
which is stored in the magnetic field of the inductor, and its

ideal moguitude is given by the relation’??

w=1/2 LI

where W is the stored work or energy
L is the inductance value
I is the current through the inductor before contact
is broken.
If the arcing is not suppressed, most of the stored energy is

dissipated as heat at the contacts.

2.3 Realistic Xhductor -~ ldeal Switch

It is recognizsd of course, that each inductor wi’ " have
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a certain amount of capacitance and resistance which genarates
a ‘ransient waveform somewhat different from that of the pure
impulse discussed above.

A simple model circuit that 1s useful in analyzing this
waveform is shown in Figure I , whre L is the inductance, R
is the resistance of the coii windings, Cc represents the effect
of the turn to turn capaocitance of the windings and CL is the

distributed lead capacitance?

\|
N

Figure 1. Equivalent Circuit of an Inductor

Refarring to Figure 1, when the switch is opened the current
I° is interrupted. The current in the RLC 1loop continues to
flow, however, due to the collapsing magnefic field of the in-

ductor and charges the capacitor. Recalling that the voltage

. across CT is given by

: 1
v, =4 [C i(t)dt
Cp crv/:
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the initial charge rate of the capacitor 1su

4;0 T
= T__o°
charge rate = it = © -

since the current through CT at t=0+ is the steady stﬁte
current Io’ If the capacitance is small, a§ it usually 1is,

CT will charge up rapidly. In the simplest form the voltage
across terminals A-B would rise to a peak value and then de-
crease as an overdamped, oscillatory or critically damped
sinusoid depending on the values of Rc, L; and CT'as shown in

Figure 25,

2 .
159 (oscillatory)

L]
[y
Q&
v
—
w

AR 7
—— = 1% (critically damped)

R 2
L
( —-‘5) >7¢ (ove rdamped )

y e

4 -
\’/

t

Figure 2. RLC Transient Voltage Curves

In most cases, sirnce CT and Rc are small the waveform will be

an oscillatory damped sinusoid.
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The voltage and current waveform upon closuve of the switch
are cunsiderably dlfferént from those generated during os»ening.
In this case the voltage across the terminals A-~B of Figure 1
is a step function as shown in Figure 3 . This is a transient,
of course, énd a Fourier analysis would show that it contains
a continuous spectrum of frequencies which can radiate or be
coupled into other circuits as noise.
The current, however, is initially short circuited by
the s;unt capacitance CT causing an infinite current spiks from
which it rucdvers and dies out as a damped sinusoid as shown
. in Figure 4 . In an actual circuit this spike is limited by
lead resistance and inductance that are neglected in the ele-

mentary model circuit,

AN

S

Figure 3. Voltage Curve Across Inductor at
Switch Closure
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current spike

RLC oscillafions

= .

Figure 4. Current Response Curve Upon
Switch Closure

The circuit shown in Figure 1 ; is perhaps, the sim- *

plest non-trival model of an inductor and switch which
has response characteristics similar to those of the physical
cir;uit. By increasing the complexity of the moudel to take

" 4into account such things as lead inductance, lead resistance
and leakage inductance of the coil, a better approximaticn of
the physical circuilt can Be obtained. For example, the cir-
cuit of Figufo 5 4s proposed by Gumleyu. Of course, with
the addition of transiént suppression components into the
circuit, the model becumes more complex, and thus more dif—

ficult to analyzeo
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. Figure 5. ‘Gumley Model of Inductor in Circuit

L = coil inductance

= distributed lead capacltance

[¢]
1

L2 = distributed lead inductance

LL = leakage inductance of coll %
Rc = coll resistance 7 ;
RE represents eddy current losses in coil

RS representg presence of copper sleeve

2.4 Realistic Inductor - Realistic Switch

Experimental results show that the ciharacteristic tran-
siont waveform across the inductive load of an opening switch

; contains:

My oy L ey e —— 2
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1. a region of showering

2, RLT oscillations

as shown in Figure 6,254

vy

showering

/ ~.
._.../ // /[ \ RLC damped sinusoid
0 H— \ —

//\ _ .

Figure 6. Transient Waveform Across Inductor~
Switch Opening

This waveform may be explained by the fact that the
potential across the inductor also appears across the contacts
,°f the switéh, and an arc 1is formed af the contacts when this
capacity potential equals the minimum breakdown voltage of the
media between the contacts (approximately 300 volts for gir).
The capacitor then discharges through the electrical conduction
path provided by the a{c and, in turn; reduces the potential
to a point where the arc extinguishes. This process—occurs
repeatedly producing the sawtooth waveform called showering

until the energy in the‘cirouitVis sufficiently dissipated

through R so that an arc can no longer be formed. The remain-
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ing energy then dies out in a damped sinusoidal manner.
Since in many cases complete elimination of noise using

suppression techniques is not required, or possibly can be

achieved more satisfactorily by trial and error, many of the

equlivalent circults found in the literature are of the simplest

types.
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CHAPTER II1

SUPPRESSION TECHNIQUES

As discussed sarlier, the problem of arc and transient
suppression is one which deals with the dissipation of the
energy stored in the inductive load. In general this dissi-
pation takes place in some resistive comporent. This com-~-
ponent may be the resistance inherent in the inductor itself
or some external resistance which 1is in a current loop with
the inductor.

Consider again the three parameter equivalent circuit of

an inductor shown in Figure 7.

(o]

b e e =

Figure 7. Inductor Equivalent Cilycuit

One observes that thers is, according to this modsl, an
internal loop which is able to dissipate some of the energy

stored within the inductoer. 1In most cases; however, tie
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resistance and capacitance is too small to support and uissi-
pate the energy fast enough to prevent high voltage buildup.
Thus, external circuits must be used to ald in the suppression.
The detailed analysis of the suppression networks will be
lncluded in the next phase report and at this time only a brief'

outline of some typical types of suprression will be discussed.

3.1 Capacitive Arc-Suppression

Possibly the simplest type of suppression network 1s that
of the shunt capaoitorz The capacitor may be used either
across fhe points or solenoid. Figure 8 shows a dlagram of

the capacitor suppression circuit. In circuit 8a , when the

c R
1 - __f.____
il I _[
N — A
i
- a
E— T e 3 L

|
|
i

b. Across Sﬁitch

as Across Coil

Figure 8. Capacitor Suppression

switch is opened;, the capacitor which is charged %o a poten-

tial E will sustdin the current flow through the inductor so

that no discontinuity wi’ll occur in the current immediately
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upon opening. However, the inducter-capacitor will form a

tank circuit and will oscillate. In circuit 8b , when the
switch is opened the capacitor will begin to charge and again
will psrmit current to contlnuously flow through the inductor,
and again RLC oscillations will occur. In both of these cases
the capacitor must be large enough so that the time constanti

of the circult is of sufficient length to prevent the time rate
of change of current in the inductor to remain small, thus
preventing high voltage frua being induced across the solenoidi.
For large solenoids which have low DC resistance, this capacitor
will often be prohibitively large. Also, upon closure of both
the circuits, the capacitor will be eilther charged or discharged
through the switch with little resistance to limit the current.
Thus, arcing may occcur upon closure of the switch. Therefore, the
use of purely capacitive shunts seems unrealistic for most

purposes.

3.2 Resistor -- Capacitocr Suppression

One eof the solutions to the problem of large capacitance
and arcing upon closure is that of placing a resistor in

series with the capacitor. In general; this limits the flow

of current upon switch closure and also adds a dissipative
eiement irto the RLC network. The circuit shown in Figure 98’9
depicts the typical RC suppression network. Demaye#? using

the works of Holmil,states that the potential across the switch

of the circuit depicted in Figure 9 is given by

Laie ol e Rl Mk s L b
2 BTN g SIS N SN
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V=E+ ET[CR-Rc]e sinfwt-op)

where E = the power supply voltage
I = the circu.t current before opening
R = the suppression resistance

C = the suppression csraclitance

Rc = the solenocld resistance
L = the solenoid inductancze
R+Rc
o= 3 < damping coefficient
_ 1
P
v LC
w =/Jw 2. a2
Q
wLR (R-R )
= arc sin —_—ic
® L-CR

This equation is shown graphically in Figure 10. The peak

voltage is given by the approximate relation

L-CRR
v 2 E|_1+ ——C oot

max L R LC
c
where
1 R <R
t 2 |0 L% 4 8
m W w Lt

Domayer alsoc points out that the voltage across the points is

the same for either the switch or the solenoid when shunted.
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A R | S
a. Across Coil bs Across Switch
Figure 9. RC Suppression Networks
v
A
o max
|
|
l
|
I
|
I
I E
> t
0 tm f

Figure 10. Voltage Response Curve for RC Suppression
(see Rsf, 10)
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3.3 Varistor Suppression

Another type of transient suppression device is that of
the voltage dependent reiistor (vasistor) in conjuncticn with

the capacitor. The potential across a varistor is given by

v = pif

where

- is the voltage

L

v

I = the current
D a constart between 10 and 9
B

an exponent usually between .17 and .35

21

Proost and Servranckx 3have solved the nén-linear equation
for the circuit shown in Figure 11 using digital computers
and have drawn nomographs. for finding the peak value of the
voltage V for a given solenoid, capacitor and varistor. A
typical family of curves which shows the effect of the vari-
ation of some of the parameers of the varistor for a given

solenoid is shown in Figure 12.

——ﬂzﬂ_'- varistor
- C

I R_
S W g% C ap—"]
| !
— {
E — f== cc LE%l
: T | |
I |

Figure 11. Varistor Suppression Circuit
Across the Switch
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__ _ _ M= .05
67T ”‘_,~ -
~
-+ 7
b e — = == ¥ =,1
/ -
+
2 —— M = .5
/’
- t
0 ' + + + } > ——
: : ol 8 1.2 1.6 2.0 vLC

Figurs 12, Typical Response Curves for Varistor-
Capacitor Suppression Circuits
(see Ref. 13)

Prcost and Servranckx show that the capacitance skould

be chosen so that

> 235.4 X 10-%

c
L

1) fds.

in order to reduce the peak voltage below the arcing potential.

For values of M greater than .l;, the potential ratio V/E is
practically independent of A and the maximum value of V/E may
be found from the graph given in Figure 13, =

g,

T LML TT LY e v o o R g B
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max 100

B=.17
B=.?.0

Lol ———
8=.25
B=.33 \\

20 \>\§

10—~ N\\>

> M

004 .01 .02 .04 o1 02 ol 1

Figure 13. Graph of Maximum Induced Voltage for
Various Values of B (see Ref. 12)

Thus, in order to apply supprbésion to a solenoid whose
resistance is 28 ohms to a peak voltage under 100 volts for
a 28 volt system;one must use a varistor with B=.33, D=93
or B=.17, D=98. To suppress this voltage below 50 volts,
it will require the use of a varistor ;hoso properties are

B=.33, D=U41 or B=.17, D=43. It is readily seen that in order

to maintain low voltage transients,very low values of D are

needed.
This type of suppression circuit has some drawbacks since

there will be large currents upon closure of the contacts and

some current drain whenr the;switsh is open.

Y, 5 . WL

o 2 o =1 31



B T R

-19-

3.4 Diode Suppression

798’1b915

Several references consider diode arc~suppres-
sion and the use of diodes in suprression networks. The
single diods placed in shunt with the indvctor appears to be
the most commonly used diode technique. This is sﬁown in

Figure L.

— o

r

I
- RS |
!:

diode

I
|
1

Figure 14. Single Diode Suppression
(see Ref. 7)

The diode oriented as shown, s reverse biased when the
switch is closed. The current, therefore, flowc only through
the Lranch containing the inductor.

When the switch 1s c<pened, the steady state current through
the inductor forward blases the diode. This ferms a current
loop in which the energy stored in L is dissipated by R and Rc’

Another popular technique involves the use of twu“dioddéj
placed back to back in shunt with the inductor as shown in
Figure 15 . Zener diodgs are particularly well suited for this

application since they possess a sharp voltage limiting char=-
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ecteristic 1in the reverse bilas directions A typical curve of

a zerer dlode current-voltage characteristics is shown in

Figure 16,

w i

L

™
|

- - —— — -
[+

LHWRY KT N e L K,

N

-

|

|

|

|

|

|

Figure 5. Suppressien Circult With One Zener
Diode and One Genaral Purpose Diode

{see Ref. 14)

o1

¥ .
§ ﬁt(t)/
L
X E
Z
- > V()
4

Figure 16. Typical Zener Digde Current-Voltage Curve
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Referring to Figure 15 , when the switch is closed; dicde D2

is reversed biased £nd blcrcks the flow of current through

that branch permitting normal operation of the solenoid. For'
the supply voltage polarity shown, D2 can be a general purpose
type diode.

However; when the switch is opensd, the continuous flow
of current due to the collapsing magnetic field forward biase¢s
D2 and reverse biases ch As a result,; the voltage across the
inductor is 1imited by the zemer voltage of Dlu Through the
proper selecéloh of diodes, the peak transisnt voltages can be
reduced using fhese techniéuesar ;

Budzilovichs points ocut that a dicde may be used in an
RC suppression network to minimize the voltage across the
contacts upon opening, without affecting the current suppres-
sing qualit%es of the RC network as the switch closes. This

circuit is shown in Figure 17.

A
MR

R
[+3
diode :_-""" -1 ~
. !
| V\f |
| |
E — - |
— Ij Cc I£§ |
- I l
' =

Figure 17, Improved RG'Suppreuion Using Diode
- ) "(see Ref. 8) ) 5
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Rf = forward blas resistance of diode
R = current limiting resistor
C = capacitor

It was previously noted during the discussion of RC suppres-
sion that the voltage acrorss opening contacts is minimizéd if
the charging time constant of the capacitor is very small.
This requires that R be small. On the other hand, R should
be large to limit the current through the contacts of the
closing switchs The diode serves %to satisfy both of these
cqnditions, first, by‘providing a low resistance path for
charging in the forward bias direction and, second; by essen-
tially blocking the current, when reverse biased, permitting
C to discharge through R.

Thus, without the diode the charging and discharging

time constants of the capacitor are

charge time = Tc = RC
discharge time = Ta = RC
and with the diode
T, T RfC<<RC
T4 = RC

~

the latter of which is recognized to be more desirable.

B e T T N R e T R L S
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CHAPTER IV

EVALUATION OF THE EFFECTS OF
SUPPRESSION CIRCUITS ON RELAY OPERATION

The use of suppression techniques to 1limit the arcing
and transients in a circuit may cause seconcCary effects which
must be investigated. Of considerable importance, is the
effect of the suppression circuit on the operating time of a
solenoid. De Ladio7 has studied tbe?changes brought about
in the release time of certaln relays due to the following
types of suppression circuits: (1) capacitance shunts
(2) zener diode semiconductor shunts (3) diode~-resistance
shunts and (4) varistor shunts.

Various values cof shunting capacitors were useg across

a standard sealed relay (see Figure 18 ).

p— relay L
28V,____ coil capacitor

Figure 1& Capacitance Suppression
Circuit

-
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Effects of the peak incduced voltage and the releasa time are

shown in Figure 13,

\ A\

Peak Vcltage Release Time m sec
1000 ‘-.\‘_‘~\~ 1000
Peak \
100 Hnduced Voltage '\\ 100
10 }— Se="""1 10
Re .ease |Time
1 1
C ‘ o C
— ‘;:u deb
0001 201 ol 1 10 i00

Figure 19, Effect of Shunt Capacitance on Relay
Operation {see Ref. 7)

From the above graph it can be seen that the increase in

‘capacitance does not affect the release time up to a certain

peint while contiﬁuously decreasing the peak induced voltage.

Therefore, a capacitor may be very usefﬁl in circuits where

"release time is critical; and only a limited peak decrease 1is

needed. The insertion of a small resistor ir seiles with the
capdcitor to prevent current surge on closure does not change
thé shape ¢f these curves appreciably.

In similar tests, tweo silicon diodes were used which had
a Zener voltage of 60 and were placed cathode to cathcde across

the relay as shown in Figure 20 . The results of the 60 volt

B T
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Zensrs are shown in tabular form in Figure 20 at the end cof

this section. Tt was found that higher Zener voltages permit

X )

—_ Zener Diodes
28v — Relay
Coil

Figure 20, Zener Suppression Circuit

a higher peak with 1little effect on the release time; and too
low a Zener voltage permits the diodes tr conduct for a longer
period which extends the release time,

The use of regular dicdes in series with resistors has

been studied for circuits as shown in Figure 21.

.X-
o4 >

S -~ Resistor

it Relay
2BV — Coil

Diode

Figure 21, Dicda-resistor Suppression Circuit
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Thz resultant releaso times and peak induced voltags are

shown as a function of the resistance R in Figure 22,

A

Peak Voltage Release Time (m sec)
thoo [~ [—
-1

1001F~ ;’//’////,‘:f”’/;;ak Induced Vpltags 100

10 ;;:ZEZZ:ZZj 10

S =i 1000

——
\\Re lﬁase Ti?la
e ————— 1
1 | L -»
10 100 1K 10K 100K IM Resistance

(Q)

Figure 22, Effect of Resistance on Pecc Voltage
and Release Time (see Ref. )

It was found that varistors act similarly to the cathode
to cathode Zener dicdes but do not have as sharp a cutoff
potential. An example of ithe circuit tested is shown in Fig-

ure 23 and the results on performance in Figure 24,

A —

28V —___ Relay “ Varistor
] Coil

Flgrve 23, Varistor Suppression Circuit

~is
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27
2B-Volt 28-Volt
Hermatically Crystal
Sealed Relay Case Relay
Release Relesase
Psak Time Peak Time
Suppression type Voltage  (m sec) Voltage {m sec)
w/o W w/o W w/o W w/o W
C itor
ooz td) 950 120 1.5 1.55 560 28 2.1 2.2
Zer diod
o) e° 950 190 1.5 1,70 580 170 2.1 2.3
Diode & 470 ’
Rosistor 950 80 1.5 8.4 580 20 2.1 5.1
Varistor
Globar
(h328NR=«35) 950 64 1.5 2.7 580 36 2.1 2.5

Figure 24, Comparison of Ralay Performance Using
Typical Suppression Techniques (se¢ Ref. 7)

The table in Figure 24 l1llustrates that the type of sup-

pression technique must be dependent upon the peak induced
+tage reduction desired and also upon the tolerances with

respect to the reliease time,

In general; if the release time 1s no problem then the
use of diodes and resistors may be used to suppress the psak
induced voltage tov almost any tolerance level- On the other
hand, the best compromise between induced voltage and release
time is accomplished by varistor suppression. Thus, it appears
that further sttentiocn must be given to the study of the use

of varistors in partticular and other types in general ns well

as the combination of two or more of these techniques.
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CHAPTER V
COMMENTS

The above is a summary of pertinent information found
in the survey of the literatare listed in the bibliography.
The purpose of the survéy has been tc determine the state of
the art in suppressing the slectrical noise generated by the
switciiing of inductive eircuits. In particular; it was de-
sired to determine meﬁhodg of noise suppression that have
been devised ard to estabiish modéls of beth the unprotected
inductive load and suppressicn cir:uits. These models consist
of equivalent circuits, mathematical expressicns and any other |
means of describirng thg phenomena that oécur, and will be
analyzed theoretically_in Phase II to estabiish optimum noise

supprassion techniques.

Ir addition to the information found on nolse suppression
techniques, articles concarning the phenomena of arcing, thé
reduction of contact erosion through arc~suppression and the
mechanics of relay operation were reviewed and are listed. It
is anticipated that tQ9se1;i11 be useful in the analysis of
the problem,

Some of the literature requested by mail has not been
received. Upon arrival; it will be sur?eyed for pertinent facts

relative to this studv: i

-28.-
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